Although pathological muscle pain involves a significantly larger population than any other pain condition, the central mechanisms are less explored than those of cutaneous pain. The aims of the study were to establish the pain matrix for muscle pain in the full head volume and, further, to explore the possibility of a functional segregation to nonpainful and painful stimuli within the area of the parasylvian cortex corresponding to the secondary somatosensory area. Additionally, we speculate that a randomization of nonpainful and painful stimuli may target specific structures related to stimulus salience. We used eventrelated functional magnetic resonance imaging (MRI) and the high sensitivity of the 3-T MRI scanner to study the central processing of acute muscle pain induced by intramuscular electrostimulation. Brief nonpainful and painful stimuli (1-ms duration, interstimulus interval ‫؍‬ 12 s) were randomly applied to the left abductor pollicis brevis of 10 subjects. The data disclose a pain matrix for muscle pain similar to that for cutaneous pain. Individual analysis suggests separate representations within the area bounded by the upper bank of the Sylvian fissure (SF) and the circular sulcus of insula (CSI). Nonpainful stimulation activated the superficial parietal operculum adjoining the SF, while the painful condition additionally targeted the deeper parietal operculum bordering the CSI. Randomization of stimuli of different intensities likely introduces cognitive components that engage neural substrates servicing the appreciation of stimulus salience in the context of affect-laden pain imposition. © 2002 Elsevier Science (USA)
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INTRODUCTION
Most of the previous functional imaging studies of pain have focused on superficial skin pain. This is in spite of the fact that muscle pain is a more widespread clinical problem than any other pain condition (Mense, 1993a) . The great variability of sensory manifestations, temporal characteristics, and behavioral coping in patients with muscle pain makes an investigation of its cerebral mechanisms complex. Therefore, human experimental pain models applied to healthy subjects provide a sensible strategy to elucidate the neural mechanisms of muscle pain in the brain. In recent years, a series of studies addressing psychophysical Svensson and Graven-Nielsen, 2001 ), peripheral (Graven-Nielsen and Mense, 2001) , and spinal (Mense, 1993b; Pockett, 1995) mechanisms of experimentally induced muscle pain have been performed. Nevertheless, few reports have been made on supraspinal processing of muscle pain, thus leaving the central pathophysiology largely unknown. One positron emission tomography (PET) study on experimentally induced muscle pain (intramuscular electrical stimulation, IMES, at 20 Hz) suggested a common representation for both skin and muscle pain (Svensson et al., 1997b) . This is supported in several somatosensory evoked potential studies where evoked cortical potentials and topographies between skin and muscle pain appear highly similar. However, brain dynamics of skin and muscle pain differ subtly in early and late processing (Svensson et al., 1997a; Chen et al., 2000; Shimojo et al., 2000; Niddam et al., 2001) .
Most of the previous pain imaging studies have been performed with either PET or functional magnetic reso-nance imaging (fMRI), using block designs (Peyron et al., 2000) . However, block designs do not allow for randomization of the order of stimuli and are constrained to grouping trials of the same type together in time. This state-related fMRI implicitly measures stimulus-induced responses in the context of repeated stimuli or continuous performance that themselves may influence responses to the individual constituent events (e.g., engaging a particular attention set or introducing time-dependent changes in the nature of the response, sensitization, or habituation) (Aguirre and D'Esposito, 1999) . Furthermore, a finer temporal profile of brain processing cannot be well characterized. In contrast, event-related fMRI (efMRI) measures the hemodynamic response (HDR) correlated to each stimulus (Davis et al., 1998a) with relatively higher temporal resolution (Buckner, 1998; Friston et al., 1998) . Procedures used in efMRI data analysis are conceptually similar to those used in electro-and magnetoencephalography, where statistical analysis can be performed on the stimulus-locked epochs (Buckner, 1998; Friston et al., 1998) . The statistical inference provided by these techniques is tailored specifically to time-locked activation. The model accounts for both the stimulusdependent and regionally specific aspects of the response. These inferences may concern simply the significance of activation or demonstrate significant differences between responses to different event types, analogous to eventrelated potential measurements in electrophysiology (Friston et al., 1998) .
In this study, we have combined the advantages of efMRI and higher temporal sensitivity with the better signal-to-noise-ratio of the 3-T MRI scanner compared with the 1.5-T MRI scanner to investigate central processing of acute muscle pain by IMES (Laursen et al., 1999) . Specifically, we explore the possibility of whether painful IMES and nonpainful IMES differentially activate subregions of parasylvian cortex within the area bounded by the upper bank of the Sylvian fissure (SF) and the circular sulcus of the insula (CSI). This is the area of the secondary somatosensory area (SII). It has been suggested, based on cutaneous pain studies, that there are closely segregated and separate representations of pain and touch in this particular region of parasylvian cortex (for a review see Treede et al., 2000) . Additionally, we speculate that the mixed-trial design of efMRI with randomization of stimuli of different quality and emotional valence may engage structures that manifest the salience (Downar et al., 2000 (Downar et al., , 2001 (Downar et al., , 2002 and conscious appraisal of experiential aspects of pain (Bromm, 1995) .
MATERIAL AND METHODS

Subjects
Thirteen healthy right-handed males participated in the study. Data obtained from three of them were excluded from further processing due to motion artifacts, leaving 10 subjects (mean age, 26.8 years) in the final analysis. Consent for the study was obtained from all participants with a protocol approved by the Institutional Ethics and Radiation Safety Committees of Taipei Veterans General Hospital. All experiments were conducted in accordance with the Declaration of Helsinki.
Experimental Paradigm
IMES (1-ms square wave pulse, Grass Telefactor S88 stimulator, West Warwick, RI) was applied to the left abductor pollicis brevis with a pair of needle electrodes (20 mm in length, 0.35 mm in diameter, 2 mm 2 of stimulation area, tip uninsulated; Model: 9013R0271, Medtronic Dantec, Denmark) separated by 1 cm (Laursen et al., 1999) . Before scanning, subjects were familiarized with an intensity scale (defined below) used for individual calibration of the stimulus intensity. IMES intensities were individually calibrated using the method of ascending limits in four series. The stimulus currents corresponding to "intense but nonpainful" (0.81 Ϯ 0.15 mA, in group average) and "moderately painful" (2.44 Ϯ 0.79 mA, in group average) were determined as the average of the last three sessions for each subject and were individually used during the scanning sessions. Both intensities induced brief movement of the left thumb in all subjects.
Each fMRI experiment consisted of four runs separated by 5-min breaks. Twenty-four randomly mixed and equally distributed single shots of nonpainful and painful stimuli were delivered within each run, resulting in a total of 48 stimuli for each category. The interstimulus interval (ISI) was 12 s.
Intensity Rating
The discrete 11-point intensity scale (Verbal Rating Scale) used for psychophysical calibration ranged from 0 to 10. The scale was graded as follows: 0 ϭ no sensation of the stimulus, no pain; 1 ϭ barely intense, no pain; 2 ϭ intense, no pain; 3 ϭ fairly intense, no pain; 4 ϭ slight pain (pain threshold); 5 ϭ mild pain; 6 ϭ moderate pain; 7 ϭ moderate to strong pain; 8 ϭ strong pain; 9 ϭ severe pain; and 10 ϭ unbearable pain.
Image Acquisition
Images were acquired using a 3.0-T Bruker MedSpec S300 system (Bruker, Kalsrube, Germany) with a quadrature head coil. Subjects' heads were immobilized with a vacuum-beam pad in the scanner. Functional data were acquired with a T2*-weighted gradient-echo EPI using BOLD contrast (TR/TE/ ϭ 1500 ms/50 ms/90°, slice thickness ϭ 6 mm, interslice interval ϭ 1.5 mm, FOV ϭ 250 mm, ‫61ء46ء46‬ matrix, whole-brain coverage). For each slice, 197 images were acquired (8 volume images/12 s/stimulation epoch). The first five images were discarded from the analysis to eliminate nonequilibrium effects of magnetization. The anatomical image was acquired using a high-resolution T1-weighted, 3D gradient-echo pulse sequence (MDEFT: Modified Driven Equilibrium Fourier Transform; TR/TE/TI ϭ 88.1 ms/4.12 ms/650 ms, ‫821ء821ء821‬ matrix, FOV ϭ 250 mm).
Image Processing and Statistical Analysis
Data were analyzed with statistical parametric mapping (SPM99 software from the Wellcome Department of Cognitive Neurology, London), running under Matlab 6.0 (Mathworks, Sherbon, MA) on a Sun workstation. Scans were realigned, normalized, time corrected, spatially smoothed with an 8-mm FWHM gaussian kernel (on individual level a 4-mm FWHM gaussian kernel was used), and low-pass filtered using standard SPM methods (Friston et al., 1997; Ashburner et al., 1999) . Evoked fMRI responses from all runs were sorted into nonpainful and painful events and were modeled using a canonical HDR function with derivatives (Friston et al., 1997 (Friston et al., , 1998 . Image statistics were performed using an event-related approach on both individual and group levels (Friston et al., 1998) . At the individual level we specifically examined the region of the parasylvian cortex corresponding to the secondary somatosensory area and the posterior insula. Voxelspecific t-test [SPM(t)] data were examined for nonpainful and painful conditions, respectively, and differential responses (painful vs nonpainful states). The t statistics were subsequently transformed to Z statistics to create a statistical parametric map [SPM(z)] for each contrast. Since accumulating evidence exists of a specific pain matrix for cutaneous stimuli (see Peyron et al., 2000) we hypothesized that the anatomical structures involved in cutaneous pain were also involved in muscular pain as indicated by Svensson et al. (1997) . Hence, an uncorrected conservative threshold of P ϭ 0.001 (Z ϭ 3.09, with cluster size ϭ 10 voxels) was considered statistical significant for regionally specific differences. As a note, the corrected threshold for the entire volume was at P ϭ 0.05 (Z ϭ 4.51) and is provided in the tables for reference. Z maxima were localized on the normalized structural image (an SPM99 template) and labeled using Talairach's nomenclature (Talairach and Tournoux, 1988) by means of the Talairach Daemon (Research Imaging Center, University of Texas). Spatial extent (significant voxel numbers) was calculated accordingly. All images were displayed according to neurological convention, i.e., subject's right hemisphere is on the right side of the images. Since subtraction analysis reveals only information on regions of statistically significant HDR difference, the activation can be due either to an increase in activity specific to pain or to a condition-dependent decrease in the reference state. Accordingly, analysis on time-activity curves was conducted to elucidate the direction of activity changes for the painful and nonpainful stimulation, respectively.
RESULTS
Effect of Nonpainful Stimulation
The majority of regions activated by nonpainful stimulation were found contralateral to the stimulated site. These regions were distributed over cortical and subcortical areas (Fig. 1A , Table 1 ). Regions exhibiting only contralateral activation were found in the inferior (area 46), medial (supplementary motor area, SMA; area 6) and middle (area 9) frontal gyri, primary sensorimotor area (SM1; areas 1, 2, 3 and 4), inferior parietal lobule (IPL, area 40), superior temporal gyrus (STG, area 22), cingulate motor area (area 24/32), posterior insula, claustrum, and ventral lateral nucleus of the thalamus. Bilateral activation was observed in SII (area 40/43) and precuneus (area 7). In terms of Z values the strongest activity was located at SII. Of note, SII activation had the largest number of voxels among all the regions activated. The cluster from group analysis extended from the lateral side of the upper bank of the Sylvian fissure and across to the circular sulcus of insula (Fig. 1A) .
Effect of Painful Stimulation
Prominent activation engaging both hemispheres was found in response to painful IMES compared with nonpainful IMES (Fig. 1B) , and was expressed as higher response magnitude (higher Z values) and larger spatial extension (number of voxels) in cortical and subcortical structures. In comparison with the nonpainful condition, painful stimulation additionally activated the contralateral inferior and middle frontal gyri (area 44 and 10) as well as anterior and middle portions of insula. Additional ipsilateral activation was localized in the premotor area (PM, lateral part of area 6), precentral gyrus (area 44), IPL (area 40), STG (area 22), middle and posterior portions of insula, and the ventral posterior lateral nucleus of thalamus. Prominent midline activity was observed in the anterior and posterior cingulate cortex (ACC and PCC; areas 24/32 and 23/31, respectively) extending into both hemispheres.
Of note, an increasing number of areas showed bilateral activity in the painful condition. These were the IPL, PCC, insula, claustrum, and thalamus. Abundant activation in SII and STG was observed in both hemispheres. These two areas were among the regions showing the greatest event-related responses in terms of Z scores and spatial extent. Apart from the precuneus and PCC, all bilateral activated areas showed contralateral preponderance. As was also the case in the group analysis of the nonpainful condition, the group response to painful stimuli in the SII area extended from the lateral segment across the medial segment and into the posterior insula (Fig. 1B , Table 2 ).
Painful versus Nonpainful Stimulation (Differential Responses)
Direct comparison between painful and nonpainful conditions resulted in a pattern similar to Table 2 . However, there were regions only expressed by means of differential subtraction, e.g., the ipsilateral supramarginal gyrus (SMG, area 40) and bilateral caudate nuclei.
The time-activity plots of the fMRI time series data revealed diverse profiles of HDR of the regions engaged in the two conditions (Fig. 2 ). In the contralateral hemisphere, the painful condition exclusively revealed an increase in HDR while the corresponding nonpainful condition elicited both increased and decreased HDR at different loci of the listed structures (Table 3 , Fig. 2 ). In the ipsilateral hemisphere, all but two loci in the painful condition showed an increase in HDR, while the majority of loci in the nonpainful condition showed decreased HDR in the same listed foci.
Individual Variation of Activation in the Vicinity of SII
Variations of individual responses to stimulation were observed (Table 4, Fig. 3 ). Activity at the lateral locus was observed in five subjects in the nonpainful condition and in seven subjects in the painful condition. Four of these subjects had lateral activity in both the nonpainful and painful conditions. Activation at the medial locus was observed in one subject in the nonpainful condition and in seven subjects in the painful condition. Six of these subjects only
FIG. 2.
Time-activity curves of the best-fitted hemodynamic response (HDR). HDRs are plotted for local maxima (thresholded at P ϭ 0.001) (see Table 3 ) at Z ϭ .26 mm for the painful (red) and nonpainful (blue) conditions, respectively. The punctured lines represent standard deviations. From time-activity plots of the fMRI time series of both conditions, the regions engaged depict very diverse profiles of HDR in the two conditions. The painful condition exclusively reveals an increase in HDR while the corresponding nonpainful condition elicits both increased and decreased HDR at different loci. Also noted is a higher HDR in the region of the hemisphere contralateral to the IMES. The color bar denotes Z values.
FIG. 3. Subregions of parietal operculum in the vicinity of SII. Images displayed (by neurological convention) are coronal sections at the right posterior insula and the parietal operculum (encircled area) in the vicinity of the circular sulcus of insula (CSI) and the Sylvian fissure (SF). The images show activation (P Ͻ 0.001, voxels Ͼ 10) in multiple regions for nonpainful (NP) and painful (P) IMES as well as the contrast between painful and nonpainful (P-NP) IMES. Each row of images displays activation maps from a single subject (subjects 5 and 7) across the three conditions. For both subjects the activities are in accordance with the hypothesis of a functional segregation within the area of SII. Only a lateral subregion adjoining the SF is activated by nonpainful IMES while for painful IMES activity is also found in an area located more medially bounded by the CSI and the SF. In addition, activity in the posterior insula is also visible in the painful condition for subject 7 but is in another coronal plane for subject 5 (see Table 4 ). Coronal slices for subject 5 are at y ϭ Ϫ12 mm, while for subject 7 they are at y ϭ Ϫ12 mm (NP), y ϭ Ϫ14 mm (P), and y ϭ Ϫ16 mm (P-NP). showed medial activity in the painful condition. In the painful condition, simultaneous activities located medially and laterally at the upper bank of the Sylvian fissure were observed in 5 of 10 subjects. Of these 5 subjects 4 showed two clearly nonoverlapping loci. Nonpainful IMES targeted mainly the laterally located locus while painful IMES targeted both medially and laterally located loci as well as the posterior insula. In the subtraction condition only a few activations were seen in each locus. In the grouped data of all three conditions (Fig. 1 , Tables 1-3), a confluent activation, comprising several maxima, was present across the upper bank of the SF and extended across the CSI to the posterior insula. Although no activation was found in the posterior insula during the nonpainful condition in each individual, subsignificant activity was present in 7 of 10 subjects. These responses might have given rise to significant posterior insula activation in the grouped data as shown in Tables 3  and 4 .
DISCUSSION
To our knowledge, this is the first report using efMRI to investigate the central response to brief IMES-induced pain. A large body of pain imaging studies indicate that the most consistently activated brain regions in cutaneous pain are the bilateral insula, SII, and IPL (area 40) (Gelnar et al., 1999; Peyron et al., 2000) . Other commonly activated regions include the contralateral ACC (area 32/24), thalamus, SI, prefrontal cortex (areas 10, 46), PM (area 6), and SMA (area 6) (Hsieh et al., 1996b; Coghill et al., 1999; Peyron et al., 2000) . Data from the present study validate efMRI as a robust tool for the elucidation of brief pain processing in the brain. Compared with the only previous functional imaging study on muscle pain (Svensson et al., 1997b) , activity was found in several additional regions in both hemispheres covering SMA, SMG, precuneus, STG, posterior cingulate, posterior insula, thalamus, claustrum, and caudate. Despite the muscle twitch confound, the data confirm a substantial overlap be- tween central pain matrices for acute muscle and the documented cutaneous pain (for a review, see Peyron et al., 2000) that subserves the appreciation of multidimensionality of pain perception (Tables 2, 3; Fig. 1) . A subset of these neuronal substrates service the processing of the nonpainful stimulation of similar modality. Nonetheless, differences between cutaneous and muscle tissue systems exist in sensory manifestations as well as in spinal and peripheral characteristics. Superficial skin pain is perceived as sharp and well localized while deep pain from muscles is perceived as diffuse and nagging and is often referred to other somatic structures. Although peripheral fibers from the two tissues overlap at spinal projection sites in lamina I, group III (A␦) and IV (C) fibers from the muscle also terminate in lamina V while the corresponding cutaneous fibers terminate in layer II (Cervero et al., 1976; Abrahams, 1986; Hoheisel et al., 1989; Mense and Craig, 1988 ). These differences were not reflected in our data.
Functional Segregation of Multiple Regions in the Vicinity of Parasylvian Cortex
Electrophysiological studies in humans have demonstrated that the parasylvian cortex (particularly SII) is activated by painful stimuli Lenz et al., 2000; Frot et al., 2001) , and is one of the first cortical relay stations in the central processing of these stimuli (Ploner et al., 1999) . Responses to painful stimuli have been further suggested to be processed in a specific area in the deep parietal operculum or in the neighboring posterior insula as opposed to tactile stimuli, which are suggested to be processed in a more superficially and laterally located area at the upper bank of the Sylvian fissure Treede et al., 2000) . Although the SII area is one of the most consistently activated regions in functional imaging and electromagnetophysiological pain studies, information on the functional role remains scarce. Evidence indicates the SII area to be involved in tactile object recognition . By analogy, Treede et al. (2000) proposed a function of a possible medial SII area to be object recognition of noxious stimuli. Direct evidence of a functional dichotomization into two distinct subregions of SII responsible for respective processing of pain-and tactile-related information cannot be made by the use of IMES alone since IMES is a nonspecific stimulation method that involves fibers related to both nonpainful (group I and II fibers) and painful (group III and IV fibers) stimuli (Laursen et al., 1999) . Although not consistently expressed across all subjects, our observations on individual analyses suggest multiple discrete regions for IMES processing in the vicinity of parasylvian cortex along the upper bank of the SF and as part of the parietal operculum, where the SII is located (Fig. 3) . Nonpainful stimulation alone engaged mainly the lateral segment (closer to the SF), whereas painful stimulation yielded both a deeper segment (closer to the CSI) and a superficial lateral segment (Table 4) in agreement with the nonspecificity of IMES. Since IMES intensities given in this experiment have been characterized as activating mainly myelinated afferents (Laursen et al., 1999) , it is temping to speculate that the lateral segment is more related to the nonnoxious (group II) sensory component of IMES while the deeper segment pertains more specifically to nociception and pain, presumably mediated by group III fibers. However, a contribution of nociceptive input to activity in the lateral segment (via nociceptive specific and/or wide dynamic neurons) cannot be ruled out. Lack of consistent activation across subjects can partially be ascribed to the mild nonpainful IMES intensity used in the current study.
This study also demonstrated the involvement of a third locus at the posterior insula on a group level, which was activated in response to both nonpainful and painful IMES. Subsignificant activity during nonpainful IMES was observed in the majority of subjects. This is in agreement with Ostrowsky et al. (2002) and could be due to pure tactile processing or more likely to an overlap of processing of tactile and noxious input (Ostrowsky et al., 2002) . The posterior insula is, like the lateral SII area, considered to be involved in somatosensory discrimination and general somatosensory integration (Peyron et al., 2000) . Multiple noncontiguous representations for IMES stimulation (Fig. 3,  Table 4 ) imply that the activity in the medially located locus is not produced by growing or spreading activation from either the lateral locus or the posterior insula when the stimulus intensity is increased, and is therefore not likely to have originated from group I and II fibers.
A prominent and wider activation was noted in the bilateral anterior insula (right preponderant) during the painful condition. The anterior insula has been suggested as participating in affective-motivational functions, sensory integration, and memory of pain (Hsieh et al., 1995; Augustine, 1996; Hsieh et al., 1996a Hsieh et al., , 1999a Hsieh et al., , 2001 Gelnar et al., 1999; Greenspan et al., 1999; Ingvar and Hsieh, 1999; Peyron et al., 2000) . Activity in the anterior insula can also be modulated by attentional context of pain (Brooks et al., 2002) . These functions might explain why Ostrowsky et al. (2002) failed to elicit any painful sensations by direct electrical stimulation of the anterior insula in contrast to findings in several functional imagining studies (Hsieh Tables 1-3) coordinates are listed for the three conditions: nonpainful (NP), painful (P), and painful versus nonpainful (NP) IMES. et al., 1995 IMES. et al., , 1996a Svensson et al., 1997b; Iadarola et al., 1998; Coghill et al., 1999; Petrovic et al., 1999; Casey et al., 2000) . Thus, the involvement of the anterior insula in pain processing might not be directly related to the physical stimulus per se; rather it may indicate affect-laden processing in relevance to pain appreciation.
Finally, it is worth mentioning that in Frot et al. (2001) no evidence of a functional segregation of SII was found from intracerebral recordings. This could be due to a combination of too few recording points in the anterior-posterior direction in each subject combined with overall too anterior recording sites. It should also be noted that Frot et al. (2001) did not find any activity in the posterior insula although the electrodes extended into this region (most medial coordinate was x ϭ 34 mm in the medial-lateral direction), indicating a systematic reason for not finding a possible medial SII area since these two areas are located at the same caudal level as depicted in our study.
Effect of Stimulus Laterality on Brain Activity
In the only previous PET study on tonic muscle pain (near-threshold pain) induced by 20-Hz IMES (Svensson et al., 1997b) , contrast between painful and nonpainful conditions yielded significant activation in the contralateral prefrontal cortex (area 10, 46), SII, ACC (area 24), IPL (area 40), anterior insula, thalamus, lenticular nucleus, and ipsilateral cerebellar hemisphere (declive by coordinates). Subsignificant activation in the contralateral primary sensorimotor area was noted. The central representations of acute cutaneous pain and the aforementioned tonic IMES pain demonstrate a lateralization to the hemisphere contralateral to the stimulation (Hsieh et al., 1995; Svensson et al., 1997b; Peyron et al., 2000) . On the contrary, using ultrahigh field 3-T MRI and the very brief and moderately painful single-trail IMES, the present study shows bilaterally represented central processing for muscle pain perception that is also relatively more expressed (spatial extents and Z scores) in the contralateral hemisphere (Tables 2, 3 ; Figs. 1-3) . Thus, the stimulus laterality effect (Hsieh et al., 1995 (Hsieh et al., , 1996b Brooks et al., 2002) on acute muscle pain is confirmed in this study.
It has been previously shown that the higher the thermal pain, the greater the engagement of ipsilateral structures (Coghill et al., 1999) . However, bihemispheric involvement for the brief IMES pain as shown in the present study can be only partially attributed to the difference in intensity and the higher sensitivity of the 3-T MRI scanner. Previous fMRI studies on thermal pain also revealed that an event-type design activated bilateral SII while a block-type experiment activated only the contralateral SII (Davis et al., 1998a,b) . We reason that inherent differences of sensory and cognitive components in the experimental designs may underlie the discrepancies. The stimulus salience of sensory experience is one possible factor.
Pain as a Salient Stimulus
In this study, bilateral STG (right preponderance) and left SMG were activated in response to painful stimuli (Tables 2, 3; Fig. 1 ). Responses in these regions during pain have rarely been reported (Baciu et al., 1999; Creac'h et al., 2000) . Subjects did not have any preconceived awareness of the types of stimuli given during the experiment on inquiry after the scanning.
A plausible explanation for the engagement of these areas can be found in the work on sensory salience (Downar et al., 2000 (Downar et al., , 2001 (Downar et al., , 2002 . Substrates central to the neuronal network subserving the identification of salient stimuli from the sensory environment are the cortices of temporoparietal junction (22/39/40), which include both bilateral STG and SMG (right dominance) (Downar et al., 2000 (Downar et al., , 2001 (Downar et al., , 2002 . Other regions include the inferior frontal gyrus (area 9/44), precuneus (area 7), anterior insula, ACC (area 24/32), cingulate motor area (area 24)/SMA (area 6), and thalamus. These areas were also activated in the current pain imaging study. The temporoparietal junction responds preferentially to behaviorally relevant stimuli and is thought to play a general role in detecting salient stimuli (Downar et al., 2001) . The salience of a given stimulus may echo its potential relevance to behavior and the corresponding context (Downar et al., 2002) . The salient valence can also be influenced by some contextindependent factors such as stimulus intensity, frequency of occurrence, and novelty (Downar et al., 2002) . The activation in the present study cannot be ascribed to difference in anticipation or novelty detection (Opitz et al., 1999) since both stimuli, having the same probability of occurrence, were randomly delivered. A randomization of two types of IMES stimuli with equal probability of occurrence may implicitly introduce cognitive components for the perceptual detection of changes between sensory qualities (painful vs nonpainful) and the appreciation of stimulus salience (intense pain of penetrating affective imposition).
Pain as a Conscious Experience
The present study revealed prominent activation of the posterior cingulate cortex, PCC (Tables 2, 3; Figs. 1, 2) . PCC activation during pain has been reported in previous pain imaging studies on different types of pain, e.g., cutaneous, visceral, and neuropathic pain and headache (Hsieh et al., 1995 (Hsieh et al., , 1996a Vogt et al., 1996; Baciu et al., 1999; Tolle et al., 1999; Creac'h et al., 2000) . Its relation to pain has been less explored. The loci of activation from the available pain imaging literature are clustered more in the anterior segment (area 23) and, to a lesser degree, the posterior segment of PCC (area 31, 30/29) . In the present study, activation peaked in the anterior PCC and extended spatially to the posterior PCC (Figs. 1B, 1C) . The activation encompassed a spatial region that in monkeys receives nociceptive inputs from posterior thalamic medial/lateral nuclei, which in turn are targets for spinothalamic terminations (Shi and Apkarian, 1995; Apkarian and Shi, 1997) and which have been proposed as a specific pain area in the PCC of humans (Gelnar et al., 1999) . The region has also been attributed with motor function (Shima et al., 1991; Kawashima et al., 1994) . Furthermore, recent studies suggest that the posterior and retrosplenial subregions of the PCC might be involved in memory, while the rostral and middle subregions of the PCC could subserve proprioceptive and visuospatial functions (Maddock, 1999) . In monkeys, the posterior PCC (retrosplenial cortex) receives major inputs from the orbital and dorsolateral prefrontal cortex, ACC, parahippocampal cortex, superior temporal sulcus, precuneus, claustrum, and the anterior and lateral thalamic nuclei (Van Hoesen et al., 1993; Morris et al., 1999) . This region of PCC is the structure most consistently and specifically activated by emotional salience of stimuli and has been suggested to participate in the interaction between emotion and episodic memory (Van Hoesen et al., 1993; Maddock, 1999) . Many of the aforementioned structures were discretely activated by painful stimulation in this study (Tables 2, 3 ; Fig. 1 ).
Since pain exists only when it is perceived (Bromm, 1995) , it is necessary to understand the pain experience in light of consciousness-related mechanisms. The activation of PCC can be better appreciated in context of concomitant activation of ACC, posterior parietal cortex (PPC; superior and inferior parietal lobules) and precuneus. A part of the activated ACC was located in an area that spatially involves subregions subserving pain-laden attention (shift of attention to pain stimulus), anticipation, expectation, motor behavior, and the appreciation of unpleasantness (Devinsky et al., 1995; Hsieh et al., 1995 Hsieh et al., , 1996b Hsieh et al., , 1999b Davis et al., 1997 Davis et al., , 2000 Hutchison et al., 1999; Peyron et al., 1999 Peyron et al., , 2000 Rainville et al., 1999 Rainville et al., , 2000 Kwan et al., 2000; Sawamoto et al., 2000; Mayer et al., 2001) . Together with the lateral prefrontal cortex and PPC, the ACC subserves the attentional process for pain awareness (Peyron et al., 1999 (Peyron et al., , 2000 . PPC activation has been reported in many pain imaging studies (Hsieh et al., 1995 (Hsieh et al., , 1996a Svensson et al., 1997; Iadarola et al., 1998; Gelnar et al., 1999; Witting et al., 2001) . While the primary and associative somatosensory areas (SI, SII, and insula) may contribute to primary representation of bodily states associated with experiential responses , it has been demonstrated that ACC, PCC, PPC, and medial parietal cortex (precuneus) are key substrates in remapping the bodily representation of the organism in response to current behavioral experience and environmental context, drawing on representations of salient stimuli and events, and subserve emotions and conscious awareness (Wolpert et al., 1998; Desmurget et al., 1999; Critchley et al., 2001) .
Additional activation was observed in the posterior thalamus bilaterally and the right basal temporopolar region (area 22, spatially extending to the amygdala) during IMES pain ( Fig. 1; Tables 2, 3 ). Temporopolar engagement in pain processing has been reported in our previous imaging study on cluster headache of strong affective component (Hsieh et al., 1996a) . The amygdala is known for its association with emotion, learning, and experiential responses (Morris et al., 1998) . The constellation of activation in these neuronal structures is congruent with the proposed sensory-limbic model of learning and memory of pain (Lenz et al., 1997; Treede et al., 2000) . The model comprises (1) parallel projections from the posterior-inferior thalamus to the parietal operculum and insula; (2) a projection from the parietal operculum to the insula; and (3) parallel projections from the insula to the hippocampus (via the parahippocampal gyrus) and amygdala (Lenz et al., 1997; Treede et al., 2000) .
Directions of HDR Change in the Differential Contrast Comparisons
Activation can arise in three circumstances. In the first instance, the painful condition has a greater increase above the baseline (the mean response during the interstimulus interval for each voxel) than the nonpainful condition. In the second instance, the painful condition has an increase while the nonpainful condition has a decrease as indexed to the baseline. In the third instance, the painful condition has less of a decrease from the baseline than the nonpainful condition. In all cases, the difference in activity between the two conditions would be expressed as activation (increased HDR) in the differential contrast. By means of the time-activity plots of time series data on all regions of Z max out of the direct differential contrast comparison (Table 3) , direction of increased change of regional neuronal activity (HDR) in the painful condition was validated (Fig. 2) . It is clear from Table 3 that for the differential contrast, a maximum difference between painful and nonpainful responses in most loci does not represent increased activity during the nonpainful condition. Thus, the approach harbored a better interpretation of the results from direct subtraction or contrast comparison between painful and nonpainful conditions. It remains to be explored whether the decrease in HDR in the nonpainful and painful states is taskrelated or task-independent (Hsieh et al., 1999b (Hsieh et al., , 2002 Gusnard and Raichle, 2001 ).
CONCLUSIONS
Using efMRI, the present study demonstrated a substantial overlap between central representations of acute muscle pain and those reported for cutaneous pain. Based on current efMRI findings and our previous imaging and electrophysiological studies (Hsieh et al., 1996b (Hsieh et al., , 2001 Svensson et al., 1997a,b; Chen et al., 2000; Shimojo et al., 2000; Niddam et al., 2001) , we propose a common pain matrix for both types of pain. The expression of activity of the neuronal structures and the dynamics within the pain matrix depend on the stimulation modality, quality, and nature of the evoked pain experience. We also emphasize that pain should be contrasted with nociception. Pain is a subjective experience based on cognitive mechanisms that depend on its level of arousal, whereas nociception is neuronal activity in the pain-mediating nervous system (Bromm, 1995) . Such a stance is supported by the current data in which pain appreciation introduces possible cognitive components that target neural substrates servicing conscious awareness of the bodily self and the experiential emotion (Gusnard and Raichle, 2001 ) in addition to other structures that mediate the multidimensionality of the pain experience (Ingvar and Hsieh, 1999) . The implication of a possible functional segregation of SII in this report invites further studies to address the relationship between brain activity of the putative SII pain area of the parasylvian cortex and the relevance to muscle pain in both experimental and clinical settings.
